Background & Aims-Asymptomatic diverticulosis is commonly attributed to constipation secondary to a low-fiber diet, although evidence for this mechanism is limited. We examined the associations between constipation and low dietary fiber intake with risk of asymptomatic diverticulosis.
diverticulosis (OR, 0.96; 95% CI, 0.71-1.30) in comparing the highest quartile to the lowest (mean intake 25 versus 8 g/day).
Conclusions-In our cross-sectional, colonoscopy-based study, neither constipation nor a lowfiber diet was associated with an increased risk of diverticulosis.
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In the United States, about two thirds of adults over the age of 85 have asymptomatic diverticula in the descending or sigmoid colon. 1 Diverticulosis can become complicated by inflammation, hemorrhage or perforation, so called diverticular disease. In 2009, Americans spent more than 1.3 million days in the hospital with a diagnosis of diverticular disease. 2 In that same year, diverticular disease was responsible for 283,355 hospitalizations, 2,682,168 ambulatory care visits and 1,948 in-hospital deaths in the United States. 2 Inpatient costs totaled 2.7 billion dollars for 2009 alone. 2 Despite the burden of diverticular disease, its pathophysiology remains poorly understood. Several risk factors for symptomatic diverticular disease have been identified including obesity, physical inactivity and a low fiber diet. [3] [4] [5] [6] [7] [8] [9] However, risk factors for diverticula development are likely different from those for inflammation, bleeding or perforation. Proponents of the long-standing fiber hypothesis for diverticula formation argue that the colon must generate excessively high pressures to move small caliber, hard stools. 10 Purportedly, these high pressures lead to mucosal herniation and creation of pseudo diverticula in the descending or sigmoid colon. 10 Consequently, constipation from a low fiber diet is commonly cited as the etiology of descending or sigmoid colon diverticulosis. Despite limited research or evidence, this hypothesis has been widely accepted. 11, 12 Few alternative risk factors for asymptomatic diverticulosis have been studied. 3, 12, 13 To explore risk factors associated with diverticulosis, we analyzed comprehensive data from a colonoscopy-based study that collected detailed information on diet, physical activity and body mass index. We considered multiple risk factors for diverticulosis including diet (low fiber, high fat, high red meat), frequency of bowel movements, symptoms of constipation, tobacco use, alcohol use, non-aspirin NSAID use, aspirin use, physical activity, obesity, and race. We limited our analysis to participants who denied a history of diverticulosis or diverticulitis because participants with a history of diverticulosis or diverticular disease may have increased their fiber intake or undertaken other lifestyle changes in response to their diagnoses.
METHODS

Study Population
We analyzed data on 2,813 enrollees from the Vitamin D and Calcium Polyp Prevention study (Clinical Trials.gov ID NCT00153816). We excluded participants with a history of self-reported diverticulosis or diverticulitis. Cases were participants found to have colonic diverticula noted in the colonoscopy reports at study entry. Controls were participants without colonic diverticula. A research assistant who was trained in data abstraction and blinded to the exposure variables abstracted reports of colonic diverticula from the participant's baseline colonoscopy report.
The Vitamin D and Calcium Polyp Prevention study is a double-blind, placebo-controlled trial of vitamin D and/or calcium supplementation for the prevention of colonic adenomas. Participants were recruited from eleven study centers in North America between July 2004 -July 2008. Eligible participants had at least one histologically verified colonic adenoma removed in the four months prior to study entry and no remaining polyps in the bowel after complete colonoscopic examination. Eligible participants were between the ages of 45 and 75 with satisfactory preparation for colonoscopy and a complete exam to the cecum.
The parent study excluded patients with a history of previous colon resection or a diagnosis of familial colorectal cancer syndrome, inflammatory bowel disease, chronic intestinal malabsorption, invasive colon cancer, or severe lung, heart, kidney or liver disease.
The parent study was approved by the Institutional Review Boards of each study center. Secondary data analysis at the University of North Carolina was limited to data with no direct patient identifiers and was exempt from Institutional Review Board review. The STROBE guidelines for reporting descriptive observational studies were followed. 14 
Assessment of Variables
Within 120 days after the colonoscopy, each participant had an intake visit for the parent study in which information was collected on demographics, diet, bowel habits, physical activity, smoking history, alcohol use, prescription and over the counter medication use, and co-morbidities. Race was self-reported. Height and weight were either measured (70% and 72.3%, respectively) or collected by self-report (29.6% and 24%, respectively) at this visit.
A baseline history of diverticulosis or diverticulitis was assessed as one of a series of questions of the form, "Has a doctor ever told you that you have any of the following?" "Diverticulitis/Diverticulosis?" was one of the disorders listed. Responses were captured as either no, yes, don't know or refused. Dietary information was collected using the Block Brief 2000 Food Frequency Questionnaire, a food frequency questionnaire with 60 food items. 15 Participants were asked to report their usual diet during the one year prior to their colonoscopy to avoid seasonal variation in diet.
Physical activity was measured using the validated International Physical Activity Questionnaire. 16 All physical activity was classified into metabolic equivalents. Sedentary behavior was assessed with the question, "During the last 7 days, how much time did you usually spend sitting on a week day?" Aspirin use was assessed with the question, "In the last four months, have you taken any medicines containing aspirin?" If yes, "How often, on average, on a weekly basis, were you taking it?" Regular aspirin use was defined as one or more days of aspirin use per week. NSAID use was assessed with the question, "In the last four months, have you taken any other medications for aches, fevers, pain, swelling or inflammation?" If yes, "How often, on average, on a weekly basis, were you taking it?" Regular NSAID use was defined as one or more days of NSAID use per week. Smoking was assessed with the question "Have you smoked at least 100 cigarettes in your entire life?" Those who were categorized as "never" smoked less then 100 cigarettes in their entire life. Alcohol use was assessed with number of alcoholic drinks per day over the last year.
Abdominal pain was assessed as one response to the question, "In the past year, have you experienced any of the following?" "Pain in your abdomen?" was one of the listed symptoms. The response was captured as none, some, severe, don't know or refused.
Bowel habits over the past year were assessed with the following questions. "What percent of the time did you have to strain during a bowel movement?" "What percent of the time did you have a feeling that you did not empty your bowels completely or that you were not finished?" and "What percent of the time did you have hard or lumpy stools?" These responses were captured as either less than 25% of the time, 25% or more, don't know or refused. Lastly, "How many bowel movements did you have?" The response was captured as either number per day or number per week.
Prescription and over-the-counter laxative use was captured. Data regarding supplemental fiber use was also obtained.
Statistical Analysis
Means and standard deviations were reported for continuous variables. Medians were reported for skewed distributions of continuous variables. Proportions were reported for categorical data. Dietary data, alcohol use, physical activity and sedentary behavior were converted into categories (quartiles) for analyses. Categorical indictor variables were created to summarize bowel movement patterns. The four categories were: 1) <7 bowel movements per week; 2) 7 bowel movements per week; 3) 8-14 bowel movements per week; and 4) >15 bowel movements per week. The 10% change-in-estimate approach was used to assess the following variables for confounding: age, sex, race, education, BMI, NSAID use, ASA use, tobacco use, alcohol use, physical activity, abdominal pain, dietary fiber intake and laxative use. Multivariate analyses were performed using logistic regression to estimate odds ratios and 95% confidence intervals while adjusting for age and sex. Fiber, dietary fat and red meat intake were adjusted for total caloric intake using regression residuals. 17 All tests of significance were two-tailed and p-values <0.05 were considered significant. The analysis was performed using SAS 9.2 (SAS, Cary, North Carolina).
RESULTS
Our analysis began with 2,813 enrolled study participants. We excluded 698 subjects who reported a history of diverticulosis or diverticulitis and 7 participants with no data on diverticular history, leaving 539 who met our case definition of having colonic diverticula and 1,569 controls without diverticula. Most cases (88%) had descending or sigmoid colon diverticula. The rest had pancolonic diverticula (6%), cecal or ascending colon diverticula (2%), or diverticula in an undocumented location (4%). Participants with diverticulosis were older, more likely to be male and Caucasian, had a higher mean body-mass index, and used tobacco, aspirin and alcohol more frequently than controls (Table 1) .
Diverticulosis cases reported more frequent bowel movements compared with controls (9.6 versus 8.7 bowel movements per week, p=0.0003) ( Table 1) . Infrequent bowel movements were not associated with an increased prevalence of diverticulosis. Instead, those having less frequent bowel movements (<7) per week had a reduced odds compared to individuals with seven movements per week (OR 0.56, 95% CI 0.40, 0.80). Compared to participants with seven bowel movements per week, those having 8-14 movements were more likely to have diverticulosis (OR 1.29, 95% CI 1.02-1.64) as were those with 15 or greater bowel movements per week (OR 1.38, 95% CI 0.90-2.12).
Cases reported frequent hard stools less frequently than controls (11% versus 15%, p=0.02) ( Table 1) . Having hard or lumpy stools was associated with a reduced odds of diverticulosis (OR 0.75, 95% CI 0.55, 1.02) ( Table 2 ). There was no difference between cases and controls with regards to straining with a bowel movement (9% versus 10%, p=0.3) or incomplete bowel emptying during defecation (10% versus 11%, p=0.2) ( Table 1 ). There was also no association between straining during bowel movements (OR 0.85, 95% CI 0.59, 1.22) or feeling of incomplete bowel movement (OR 0.85, 95% CI 0.61, 1.20) and diverticulosis ( Table 2) .
We found no difference between the cases and the controls in mean dietary fiber intake (14.8 grams versus 15.3 grams per day, p=0.2) and reported supplemental fiber intake (5% versus 5%, p=0.7) (Table 1) . Correspondingly, we found no association between dietary fiber intake (OR 0.96, 95% CI 0.71-1.30) and diverticulosis when comparing the highest quartile of fiber intake (mean 25 grams/day) to the lowest (mean 8 grams/day) ( Table 3) . We also found no associations between dietary fiber intake by subtype (beans, grains, fruits and vegetables) and the presence of diverticulosis (Table 3) .
We found no difference between the cases and the controls in reported laxative use (7% versus 7%, p=0.9) (Table 1) The same proportions of cases and controls reported abdominal pain (3% versus 4%, p=0.08).
We also assessed alternative risk factors. Overweight participants (BMI ≥25 Kg/m 2 ) had an increased odds of diverticulosis (OR 1.65, 95% CI 1.27-2.15) compared to a normal BMI (<25 Kg/m 2 ) ( Table 4 ). Current smokers also had an increased odds (OR 1.42, 95% CI 1.01-2.00) compared to never-smokers, as did former smokers (OR 1.24, 95% CI 1.01-1.52) ( Table 4) . Non-Caucasian participants had a lower risk (OR 0.74, 95% CI 0.55, 1.00) than Caucasians (Table 4) . Dietary fat and red meat, NSAID and aspirin use, alcohol consumption, physical activity and sedentary behavior were not associated with diverticulosis (Table 3 and Table 4 ).
DISCUSSION
We examined the relationship between bowel habits, dietary fiber intake, and the risk of asymptomatic diverticulosis among participants enrolled in a large, multi-center, colonoscopy-based study. Contrary to current understanding, we found that less frequent bowel movements and hard or lumpy stools were associated with a decreased risk of diverticulosis. Classic symptoms of constipation, i.e. straining during bowel movements or a feeling of incomplete bowel movements were unassociated with diverticulosis. Also contrary to current understanding, we found no association between dietary fiber intake and diverticulosis.
Forty years ago, Dr. Neil Painter popularized the hypothesis that inadequate dietary fiber intake and constipation was the cause of sigmoid diverticulosis. 18 He believed that segments of contracting sigmoid colon generated high pressures in the setting of small caliber, hard stools. Further, he thought these high pressures lead to mucosal herniation and creation of pseudo diverticula. He associated small caliber, hard stool with a Western diet low in dietary fiber. Although the fiber hypothesis is conceptually attractive and widely accepted, it has not been rigorously examined. Colonic motility studies inconsistently demonstrate abnormally elevated colonic pressures in patients with diverticulosis. [19] [20] [21] [22] [23] [24] [25] Most of these studies measured pressures in the rectum or rectosigmoid junction, and they were commonly underpowered and limited by selection bias. 26 No study measured colonic motility prior to the development of diverticula.
Informal ecologic studies noting the rising prevalence of diverticulosis in industrialized countries compared with rarely diagnosed disease in rural Africa and Asia have also been used to support the fiber hypothesis. 11 The reported differences in disease prevalence were attributed to differences in dietary fiber content. These ecologic observations did not actually determine the presence of diverticula in individuals, assess diet or account for potential confounding variables such as age and sex.
Similarly, one study found that vegetarians had a reduced prevalence of diverticulosis compared to non-vegetarians and proposed that variations in dietary fiber intake could explain the difference. 12 Diverticula were confirmed by plain films of the abdomen contrasted with oral barium. 12 Nevertheless, the study was limited by selection bias and failure to account for confounding variables-vegetarians were in better health and younger then the non-vegetarians. 12 Widespread use of colonoscopy now makes it possible to determine diverticulosis status and to study etiology in large populations. Two colonoscopy-based studies of diet and asymptomatic diverticulosis in Asian populations found no association. 27, 28 However, diverticulosis in Asians appears largely to be a different process than that seen in Western populations. Asians are more likely to have solitary congenital true diverticula in the cecum or acquired pseudo-diverticula in the ascending colon while Western populations have acquired pseudo-diverticula in the descending and sigmoid colon. 24 Congenital true cecal diverticula are unlikely to have the same pathophysiology as acquired pseudo-diverticula. Whether pseudo-diverticula in the ascending colon and descending colon are the result of the same pathophysiology and have the same risk factors is unknown. In a previous study, we found that participants with regular bowel movements had a higher risk of diverticulosis compared to participants who had less frequent bowel movements and that dietary fiber intake was associated with a higher prevalence of diverticula. 13 Unfortunately, that study may be open to response bias and reverse causality from the subjects' knowledge of their diagnoses. 29 Some authors have speculated that diverticulosis might cause abdominal pain, which could lead subjects to increase fiber intake to obtain symptomatic relief. 29 If so, abdominal pain could confound the relationship between dietary fiber intake and undiagnosed diverticulosis, especially if the pain improved with the dietary change. However, in the present study there was no association between dietary fiber intake and the presence of abdominal pain (14.8g versus 15.0g, p=0.69). Furthermore, there was no difference in abdominal pain among our cases and controls (4% versus 5%, p=0.08).
Rural African populations are reported to rarely have diverticula. [30] [31] [32] [33] To date, this finding has not been tied to race. However, we found that non-Caucasian participants had a 26% lower risk than Caucasians even after adjustment for risk factors. This raises the possibility that race is a risk factor independent of diet, smoking and other life style factors.
Obesity is associated with an increased risk of symptomatic diverticular disease. 4 The relationship between obesity and asymptomatic diverticulosis is less clear. Our study found that subjects with an overweight or obese body mass index had an increased odds of diverticulosis compared to those with a normal body mass index. However, sedentary behavior and physical activity were not associated with an increased risk. In contrast, a series of sub-analyses within a large observational study of men found that sedentary behavior led to a 30% increased risk of asymptomatic diverticulosis but found no association with obesity and diverticulosis. 3, 4 Although cigarette smoking is thought to be associated with an increased risk of symptomatic diverticular disease, 34, 35 a relationship between tobacco use and asymptomatic diverticulosis has not been previously described. In our study, there was a increased odds of asymptomatic diverticulosis among cigarette smokers compared to those who never smoked. That contravenes the conventional thinking regarding the etiology of diverticula, as nicotine reduces colonic tone and muscular activity, and facilitates bowel movements. 36 The present study, based on a secondary analysis of data collected for other purposes, has several potential weaknesses. The prevalence of diverticulosis increases with age, and the pathogenesis of diverticula may begin several decades before the disease manifests. Therefore, bowel habits and nutrition during a younger age may be more relevant than our data, which only covers the year prior to the colonoscopy. However, nutritional research has shown that diets do not change greatly over time and for many people recent diet is a reasonable reflection of diet several years or decades previously. 37 Whether bowel habits change greatly over time is unknown.
As the initial, prospective collection of data was not focused on diverticulosis, it is possible that endoscopists may not have accurately recorded the presence of diverticula. Most (96%) participants had diverticula recorded in an exact location. We interpreted this degree of detail to be an indicator of the high quality colonoscopy. Fortunately, our data also captured any prior diagnosis of diverticular disease, allowing us to assess the sensitivity of colonoscopy for diverticulosis. The exam detected almost all previously diagnosed cases (93%) and therefore was sensitive in detecting diverticula.
Our dietary analyses were based on a structured quantitative food frequency questionnaire. Food frequency questionnaires are subject to measurement error, potentially leading to nondifferential misclassification and a conservative bias in the observed diet-diverticulosis association. The null effect of dietary fiber might be expected if there was only a limited range of dietary fiber intake in our population. However, in our analysis the mean total fiber intake in the highest quartile was 25 grams versus 8 grams in the lowest. This wide range makes it unlikely that homogeneity of intake accounts for the null association of fiber with the presence of diverticula.
In conclusion, our data challenge most current assumptions about the relationship between constipation, fiber intake and diverticulosis. Less frequent bowel movements and symptoms of constipation were not associated with an increased risk of diverticulosis in the descending or sigmoid colon. Dietary fiber intake was not associated with diverticulosis. Obesity and tobacco use are modifiable risk factors associated with an increased risk of asymptomatic diverticulosis in the descending or sigmoid colon although it is not yet clear if these associations are causal. Given the significant health burden of symptomatic diverticulitis, it is time to take a fresh look at risk factors and alternative hypotheses for asymptomatic diverticulosis. 
